The periods of gamete formation and early post-fertilization development are sensitive times for DNA. Dynamic changes in DNA methylation, such as removal of most methyl marks shortly after fertilization, can release DNA from a state of repression, creating an opportunity for transposable elements, the rogues of the genome, to operate.
The periods of gamete formation and early post-fertilization development are sensitive times for DNA. Dynamic changes in DNA methylation, such as removal of most methyl marks shortly after fertilization, can release DNA from a state of repression, creating an opportunity for transposable elements, the rogues of the genome, to operate.
During gamete formation, transposable elements are silenced by a mechanism involving piwi proteins and small RNAs, a process particularly well-characterized in developing sperm. This silencing keeps a restless genome at bay, almost 40 percent of which consists of retrotransposons in humans; 2 to 3 percent is DNA transposons.
However, in contrast to that in male gametes, knowledge of how transposons are regulated in the oocyte and post-fertilization is fragmentary. Research to date, which is based on analysis of individual classes of elements, hints that retrotransposons are transcribed in preimplantation mouse embryos.
Anas Fadloun et al. have undertaken a global analysis of the transcriptome of repetitive elements in early embryos. Their findings bolster the view that retrotransposons are expressed in early embryos, but are rapidly silenced by the blastocyst stage, prior to when implantation occurs. The findings also provide hints as to how regulation is achieved.
The researchers found that most classes of transposable elements were expressed in oocytes, 2-cell, and 8-cell embryos, and comprised between 15 and 20 percent of the transcriptome. Given that the oocyte is transcriptionally silent, the transcripts at this stage likely accumulated from an earlier stage of development; that is, transposons were activated in the germline prior to germline differentiation.
After fertilization, transcription of retrotransposons seems to resume again, according the researchers' analysis of LINE-1 and IAP retrotransposons. This initial burst of transcription was transient, decreasing from the 2-to the 8-cell stage and reaching a low at the blastocyst stage. The data provide a window into the dynamic regulation of retrotransposons during early embryonic development. DNA transposons, in contrast, were more staid, representing a constant 2 to 3 percent of the transcriptome from the 2-cell stage throughout early development.
The authors also explored the mechanisms of these events and found that developmental silencing of retrotransposons seemed to be mediated by loss of an activating mark on histone H3 (H3K4me3), rather than by acquisition of inhibitory signals. The researchers also provide evidence that at least one class of retrotransposons, LINE-1 RNAs, positively regulate their own expression via a 17-nucleotide RNA.
The implications of these new findings for genome integrity, such as whether transposable elements integrate into the genome during early embryogenesis and at what frequency, remain an open question.
To perform their experiments, the researchers used molecular biology protocols specifically adapted to small numbers of cells, such as a downsized chromatin immunoprecipitation (ChiP) method. Such protocols overcome a long-standing barrier to applying systems biology to gametes and early embryos: the difficulty in obtaining enough material to perform molecular biology experiments. Other researchers are also breaking this barrier (see World of Reproductive Biology, ''Germ Cell DNA Gets Dynamic,'' published in Biology of Reproduction on 24 January 2013), and scientists can expect a host of new findings to emerge as molecular biology protocols are adjusted to work on limited amounts of starting cells. A systems biology study has uncovered a role for endogenous retroviruses (ERVs) in the evolution of placental diversity.
Placentas come in many different shapes, sizes, and forms. But despite this diversity among mammals, placental development is regulated by proteins that are highly conserved, suggesting that mutations in gene regulatory regions may underlie the morphological diversity of the placenta. Edward Chuong et al. provide support for this notion in a study comparing mouse and rat trophoblast stem cells, the cells that give rise to the placenta.
The researchers found that species-specific enhancers for placental genes in trophoblast stem cells are highly enriched for endogenous retroviruses. They took a particularly close look at one ERV family specific to mice, RLTR13D5. This no-longer-replicating retrovirus is present in 608 copies in the mouse genome and seems to act as an enhancer for hundreds of genes in mouse trophoblast stem cells.
The team found that 95 of the RLTR13D5 copies showed enrichment of methylation and acetylation marks associated with enhancers-substantially more than expected by chance. RLTR13D5 was found to have consensus-binding motifs for three transcription factors central to trophoblast stem cell development. Moreover, these transcription factors were associated with many RLTR13D5 sequences in close proximity to genes that seem to be highly regulated, i.e., genes differentially expressed in mouse and rat trophoblast stem cells.
The findings bolster the notion that retroviruses have played a central role in placental evolution. Previous studies have suggested that retroviruses are behind major placental activities such as suppression of the immune response and fusion of trophoblast cells into a syncytial, multi-nucleated layer at the maternal-fetal interface. Another study found that a transposable element unique to mammals seems to have driven the evolution of the endometrial stromal cells that decidualize in response to the implanting embryo ( Ovarian DNA goes bad with age, accumulating double-stranded DNA breaks, a new study suggests. The findings provide a potential explanation for two of the main phenomena behind the ticking of a woman's biological clock: declines in both the number and the quality of oocytes with age.
Several years ago, while working in a clinic that freezes oocytes for women undergoing chemotherapy, Kutluk Oktay reported a curious finding. Women with mutations in BRCA1, a gene involved in the repair of double-stranded DNA breaks, do not respond well to drugs that stimulate the ovaries. The observation suggested that such women may have a low number of uncommitted follicles in the ovary, known as the ovarian reserve.
Human babies are born with about one million oocytes, but that number declines with age as follicles enter the growing pool. Primordial follicle abundance dips precipitously as women approach their late 30s and by the time women enter menopause, the reserve is mostly gone.
Intrigued by their clinical observations, Oktay and his colleagues explored the role of double-stranded breaks in female reproductive aging. The researchers first showed that primordial follicles in mice and women accumulate double-stranded breaks with age. Using single-cell PCR methods, they next found that, with age, individual mouse and human oocytes showed a decline in the expression of genes involved in double-stranded break repair, including BRCA1.
Experiments knocking down BRCA1 and other repair genes in oocytes using small interfering RNA (siRNA) suggested that impairment of this repair pathway prompts apoptosis. In contrast, overexpressing BRCA1 in oocytes fended off cell death.
These molecular experiments dovetailed with observations of reproductive function. For instance, BRCA-deficient mice showed low primordial follicle counts and impaired fertility; women with BRCA1 mutations had low ovarian reserve as measured by serum concentrations of anti-Müllerian hormone, a standard indicator.
Deficient repair of double-stranded DNA breaks is expected to have several effects. Failure to repair breaks initiates senescence and apoptosis, which could lead to depletion of oocyte reserves with age. A dysfunctional double-stranded break-repair system may also contribute to the reduction in oocyte quality with age. Cells with many such breaks may be impaired for resumption and completion of meiosis, given that double-stranded breaks are involved in successful crossing over during recombination.
BRCA1 and other proteins involved in double-stranded break repair also maintain DNA integrity in other ways; for instance, they regulate the length of telomeres during the first several cell divisions of the embryo. Factors in the environment, such as chemicals, can stably affect genes in an organism, permanently turning them on or off. In some instances, such environmental perturbation can even be inherited by the offspring.
Very little is known about what makes a gene sensitive to such regulation. Is it something about its sequence, its location in a chromosome, the precise form of the environmental perturbation inflicted on the genes, the timing of the perturbation, or a combination of these factors? Tian Chi and colleagues now provide evidence that timing and the chromosomal location of the perturbation are key.
The researchers examined four genes at various chromosome locations in mice. Each could be regulated by administration of doxycycline and, depending on the genes, doxycycline either turned gene expression on or off. Tweaking any of these genes by the addition of doxycycline during embryogenesis, particularly during the first few days of embryo development, invariably caused long-lasting changes in gene activities that persisted into adulthood. These changes were associated with aberrant epigenetic marks in all adult cell types tested, suggesting that the early fetus is extremely malleable and that adult reprogramming cannot completely erase the powerful effects of genetic perturbation in embryogenesis.
At two of these genes, the epigenetic changes were readily inherited by a fraction of the F1 and F2 offspring, even though the nature of the changes-activation vs. repression-was just the opposite. The two genes were integrated into the identical chromosome locus, suggesting that the transgenerational inheritance at these two genes is determined by this locus. What is unique about the locus remains to be determined.
In contrast to the malleability of the embryos, the perturbation of gene expression by doxycycline inflicted on the adults was mostly reversible, suggesting that the gene expression pattern, once established during fetal development, become relatively resilient. Wan M, Gu H, Wang J, Huang H, Zhao J, Kaundal RK, Yu M, Kushwaha R, Chaiyachati BH, Deerhake E, Chi T. Inducible mouse models illuminate parameters influencing epigenetic inheritance. Development 2013; 140(4):843-852.
